The aim of this study was to evaluate the impact of ovariectomy on oxidative stress in the right ventricle (RV) of female rats with pulmonary arterial hypertension (PAH) induced by monocrotaline (MCT). Rats were divided into four groups (n=6/group):
radical scavenger (Ruiz-Larrea et al. 1997 ). This hormone may also play an antioxidant role, since it increases gene expression of antioxidant proteins, such as hemoxygenase, superoxide dismutase (SOD) and thioredoxin (Massafra et al. 2000) . It has been reported that the genomic effect of estrogen can be determined by the activation of nuclear factor (erythroid-derived 2)-like factor 2 (Nrf2), even though the mechanism by which this occurs remains unclear (Zhang et al. 2013 ).
There is an association between estrogen withdrawal and antioxidant defence system impairment (Bellanti et al. 2013) . After menopause, the production of reactive oxygen species (ROS) increases, leading to oxidative stress. Oxidative stress is involved in PAH (Takano et al. 2003) , since ROS can modulate vascular tone, smooth muscle cell proliferation, vascular remodelling, and apoptosis. ROS levels are directly associated with the progression from RV hypertrophy to heart failure (Tabima et al. 2012) . However, there are some aspects about the influence of estrogen on RV oxidative stress in female rats with PAH that have not yet been explored. Therefore, this study aimed to evaluate the impact of ovariectomy on oxidative stress and adaptations of the antioxidant system in the RV of female rats with PAH.
Material and methods

Ethical approval
All animal procedures used in this study were in accordance with institutional Louis, MO) or the same volume of saline (Tofovic et al. 2006) . The overall duration of the protocol was three weeks. At the end of the protocol, the animals were anaesthetized
Determination of the estrous cycle
Estrous cycle determination was performed after the end of the experimental protocol in animals that did not undergo ovariectomy. The cycle for each animal was determined by the observation of vaginal smear. The slides were compared with the findings of Marcondes et al. (2002) . All non-ovariectomized animals were killed during the diestrus phase.
Echocardiography assessment
Echocardiographic images were obtained using the two-dimensional mode and a pulsed Doppler (Ultrasound System Philips HD7, Andover, MA, USA) with a linear probe (L12-3; Philips). The relationship between the acceleration time (AT) to ejection time (ET), calculated from the pulmonary artery flow, was evaluated alongside stroke volume (SV) and cardiac output (CO) of the RV. For the calculation of the stroke volume, the following formula was used: VS = cross-sectional area of the pulmonary artery (AST) x full-time flow rate through the pulmonary artery (IVA); where: AST = (systolic pulmonary artery diameter/2) 2 x 3.14. To calculate CO, the following formula was used: CO = VS x heart rate (HR); where: HR = 60/RR, interval measured during flow through the pulmonary artery (Rudski et al. 2010; Urboniene et al. 2010) .
Hemodynamic evaluation
For hemodynamic evaluation, the right jugular vein was exposed and a polyethylene catheter (PE-50) was introduced into the atrium and right ventricle. The catheter was connected to a pressure transducer (strain-gauge transducer, Narco Biosystems RP-155, Houston, Texas, USA) and coupled to a signal amplifier (HP 8850C Pressure Amplifier) for monitoring of the right ventricular systolic pressure D r a f t 7 (RVSP) and end-diastolic pressure (RVEDP). Analogue signals were digitized (Windaq -Data Acquisition System, PC 486) with a sampling rate of 1000 Hz (Ludke et al. 2010) . The RVSP was used in order to estimate systolic pulmonary artery pressure, as RVSP is similar to systolic pulmonary artery pressure. Pulmonary artery pressure (PAP) was estimated using the following equation: Mean PAP (mmHg) = 0.61 x systolic PAP + 2 (Chemla et al. 2004; Koskenvuo et al. 2010) .
Morphometric analysis
Cardiac hypertrophy was calculated by the relationship between the right ventricular mass and body weight (mg/g), and the right ventricular mass and tibia length (mg/mm) (Hu et al. 2003) . The uterus was removed and its wet weight was quantified to confirm the efficacy of ovariectomy (Campbell and Febbraio 2002) .
Hydrogen peroxide concentration
The assay was based on horseradish peroxidase-mediated oxidation of phenol red by hydrogen peroxide. A slice of the right ventricle was homogenized in potassium chloride (1.15% w/v) and phenyl methyl sulphonyl fluoride (PMSF; 20 mmol/L) and centrifuged (3000 rpm for 20 min at 0 − 4°C). The supernatant was used for further analysis. To determine the concentration of hydrogen peroxide (nmol/mg tissue), a standard curve with hydrogen peroxide concentrations of 10, 20 and 30 µ M was performed. After addition of hydrogen peroxide to the standards, and the supernatant of the RV to the microplate wells, the samples were incubated with a buffer containing phenol red, dextrose, and horseradish peroxidase. After incubation, 1 N NaOH was added, and readings were taken at 610 nm (Pick and Keisari 1980) .
Nitric oxide synthase (NOS) activity
NOS activity was evaluated in RV homogenates by measuring the conversion of oxyhemoglobin (HbO2) in methemoglobin induced by NO, as described by Valdez et al. (2005) . The reaction medium was composed of (in mmol/L): CaCl 2 1.8; KCl 2.7; MgCl 2 0.23; NaCl 137; NaH 2 PO 4 3.6; glucose 5.0; HEPES 10; pH 7.4, and contained 2 mol/L HbO 2 and 1 mmol/L L-arginine. NOS activity was expressed in nmol NO/min/mg protein.
Antioxidant enzyme activities
Antioxidant enzyme activities were determined in RV homogenates. Superoxide dismutase (SOD) activity determination was based on the inhibition of the superoxide radical reaction by pyrogallol (Marklund 1985) . SOD activity was expressed as units/mg of protein. Absorbance changes were followed at 420 nm for 2 min. Catalase (CAT) activity was determined by following the decrease in hydrogen peroxide absorbance at 240 nm. CAT activity was expressed in pmol/mg protein (Aebi 1984) .
The glutathione peroxidase (GPx) assay was based on the consumption of NADPH and was measured at 340 nm. GPx activity was reported in nmol/min/mg protein (Flohé and Gunzler 1984) .
Protein oxidation measurement
RV samples were incubated with 10 mmol/L dinitrophenylhydrazine (DNPH) in 2.5 mol/L HCl at room temperature for 1 h. Trichloroacetic acid (20%) was added, and precipitated proteins and pellets were washed with ethanol/ethyl acetate (1:1 v/v). The final precipitates were dissolved in 6 mol/L guanidine hydrochloride, and read at 360 nm. Results were expressed in nmol/mg protein (Reznick and Packer 1994) .
D r a f t
Lipid peroxidation assay
The evaluation of lipid peroxidation was based on a method that consists of adding a synthetic organic hydroperoxide (tert-butyl hydroperoxide) to the RV homogenates and monitoring chemiluminescence. Chemiluminescence was measured using a beta counter (LKB Rack Beta Liquid Scintillation Spectrometer-1215, LKB Produkter AB, Bromma, Sweden) with the coincidence circuit disconnected, and using the tritium channel. Results were expressed in counts per seconds (cps) per mg protein (Gonzalez Flecha 1991).
Determination of protein concentration
Protein concentration (mg protein/mL) was measured by the method of Lowry et al. (1951) , using bovine serum albumin as standard.
Western blot analysis
RV was homogenized and centrifuged at 8000 x g for 15 min at 4°C to remove the nuclei and cell debris. Supernatants were used for the assay. Protein (48 µ g) was subjected to one-dimensional SDS-PAGE in a discontinuous system using different concentrations of separating gel and stacking gel (Laemmli 1970) . The separated proteins were transferred electrophoretically to PVDF membranes, using a buffer (pH 
Statistical analysis
Data were submitted to the Kolmogorov-Smirnov normality test. The results that showed normal distribution were presented as mean ± standard deviation. The values from each animal were subjected to a two-way analysis of variance (ANOVA), followed by the Student-Newman-Keuls test. The carbonyls data did not show normal distribution and were shown as the median and interquartile intervals. For this, we used the Kruskal-Wallis multiple comparisons test. The software used to perform the analysis was SigmaPlot version 11.0. An alpha error probability of less than or equal to 0.05 (P≤0.05) was considered significant.
Results
Echocardiographic, hemodynamic, and morphometric analysis
The acceleration time to eject time ratio (AT/ET) through the pulmonary artery was evaluated to estimate pulmonary vascular resistance (Table 1) . No significant changes were seen in this parameter between groups. Echocardiographic images of pulmonary artery flow showed a slight but not significant increase in pulmonary resistance that was demonstrated by the presence of a midsystolic notch in the D r a f t 11 monocrotaline groups (Figure 1 ). Stroke volume (SV) and cardiac output (CO) were also determined, and no differences were seen between groups (Table 1) .
Hemodynamic evaluation was performed through RV catheterization to determine the intraventricular pressures (RVSP and RVEDP). No differences were found in RVEDP between groups (Table 1) . Based on the RVSP, the pulmonary artery pressure (PAP) was estimated. MCT induced a significant increase in the RVSP and PAP by about 40%, and this effect was independent of ovariectomy ( Table 1 ). The RV hypertrophy index did not show any significant differences between groups (P<0.05). The uterine atrophy induced by ovariectomy was demonstrated by a reduction of 71% and 67% in uterine weight in the O and OM groups compared to S and SM groups, respectively (Table 1) .
Biochemical analysis
Results from the biochemical analysis performed in RV homogenates are shown in Table 2 . The hydrogen peroxide concentration was increased in the MCT groups (SM and OM) when compared to their controls (S and O; P<0.05 ). An increase of 36% was seen in the SM group compared to the S group, and of 37% in the OM group compared to the O group. NOS activity was reduced by ovariectomy and by MCT (P<0.05). This enzyme exhibited a reduction of 33% in the SM group, and of 31% in the O group when compared to the S group, with no difference between the SM and OM groups.
Regarding the antioxidant enzyme activities, SOD showed a similar profile to hydrogen peroxide, exhibiting a significant increase in the groups treated with MCT compared to their control groups. CAT activity was increased in response to MCT by about 47% in the SM group compared to the S group. GPx was also increased in the D r a f t SM group (52%) when compared with the S group. Oxidative damage to proteins, as well as oxidative injury to lipids was not different between groups.
Protein expression analysis by Western blot
Nrf2 protein expression (Figure 2A ) was significantly decreased in the ovariectomized groups (O and OM) compared to the controls (S and SM groups) (P<0.05). Ovariectomy also induced a decrease in the peroxiredoxin (Prx-VI) expression ( Figure 2B ). There was also a significant decrease in Prx-VI expression in the OM group (by 34%) when compared to the SM group (P<0.05). SOD protein expression was reduced in the ovariectomized groups compared to their controls ( Figure 2C ). In the OM group, SOD protein expression was 46% lower than in the SM group, while, in the SM group, SOD was 29% higher than in the S group. CAT and GPx protein expression did not differ between groups (data not shown). Regarding glutaredoxin (Grx-1) expression ( Figure 2D ), there were no differences between groups.
Hemoxygenase-1 (HO-1) protein expression ( Figure 2E ) was significantly reduced by MCT (SM and OM versus S an O groups) . A decrease of 63% in HO-1 expression was seen in the SM group when compared to the S group. However, a rise (85%) in HO-1 protein expression in the OM group was observed when compared to the SM group ( Figure 2E ). Thioredoxin (Trx-1) protein expression ( Figure 2F ) had a similar response as HO-1, exhibiting a significant decrease (P<0.05) under MCT administration. Trx-1 was decreased by 53% in the SM group compared to the S group, and it was increased by 30% in the OM group compared to the SM group.
The protein expression of ER-α ( Figure 3A) in RV was significantly increased in both MCT groups (P<0.05). There was an increase of 70% in the SM group D r a f t 13 compared to the S group. Similarly, MCT increased ER-β expression ( Figure 3B ). However, ovariectomy also had a positive effect on the expression of ER-β, such that there was an increase of 67% in the OM group as compared to the O group.
Discussion
This study demonstrated that MCT administration to female rats increased hydrogen peroxide concentration in the RV, but induced an adaptive response of the classical antioxidant enzymes in such a way that oxidative damage was not evident in this tissue. Ovariectomy did not produce additional impairment in the development of PAH induced by MCT, possibly because of the recruitment of other non-classical antioxidants, such as hemoxygenase and thioredoxin. This cardioprotection could be related to the activation of ER-β, which was observed in the OM group, with which both factors were associated.
In this study, pulmonary flow was analysed through echocardiography for the purpose of determining the AT/ET ratio, which is an index of pulmonary vascular resistance. No difference was found in this parameter, nor in SV and CO. In a previous study from our group that utilized male rats, there was a significant reduction in the AT/ET ratio, indicating increased pulmonary vascular resistance (Leichsenring-Silva et al. 2011) . In patients, confirmation of the diagnosis is obtained by cardiac catheterization, which is considered the gold standard (Barst et al. 2004 ). In the present study, PAH was evidenced through the mean pulmonary artery pressure (PAP), which was estimated by RV catheterization. PAP was increased in both groups treated with MCT. These data agree with the study of Koskenvuo et al. (2010) , in which pulmonary artery pressure was measured directly by using RV catheterization. In the present study, there was a slight increase in pulmonary pressure in female rats, while this parameter D r a f t was increased by about three times in male rats, as observed in previous reports (Ishikawa et al. 2009 , Koskenvuo et al. 2010 . Thus, this suggests that the animals in the present study, at this time point, are in a mild pulmonary hypertensive state. Perhaps, over a longer period, a more prominent increase could be observed, as reported by Konskenvuo et al. (2010) . This increase in pulmonary pressure seems to be insufficient to induce RV hypertrophy, as was demonstrated in this study, which corroborates previous data from our laboratory (Siqueira et al. 2011 ). This outcome differed from that observed in male rats, where an evident RV hypertrophy was documented (Colombo et al. 2013) . These findings agree with reports showing that female rats develop less PAH in response to MCT than males (Bal et al. 2013 ).
In our study, RV remodelling was verified by morphometric analysis. To complement our geometric remodelling of the cardiac chamber, a histological and echocardiographic assessment of the RV would need to be performed. This is a limitation of our study.
Bilateral ovariectomy was performed, and the effectiveness of this procedure was confirmed by an evident reduction in uterus weight in both ovariectomized groups.
However, ovarian hormone withdrawal seems not to have potentiated the hemodynamic changes induced by MCT.
MCT administration produced an increase in the concentration of RV hydrogen peroxide, which is a ROS. The elevation in ROS levels was associated with reduced NOS activity, suggesting lower NO bioavailability. This decrease in NO bioavailability could also be attributed to the interaction of caveolin-1 with eNOS, an effect which has previously been associated with PAH development (Tabima et al. 2012) . However, a compensatory response of the classical antioxidant defence system, SOD, CAT and GPx, was noticed. The increase in SOD activity in both MCT groups suggests an elevation in superoxide anion concentration, which is its substrate. This effect could be D r a f t 15 related to the increase in mean pulmonary pressure, which was mild possibly due to the adaptation of classical antioxidant enzymes, as discussed above. These adaptive changes may also be responsible for the absence of oxidative damage in RV, as observed in the lipid peroxidation and carbonyls data. These biochemical responses agree with functional findings that were not further impaired by ovariectomy. A study performed in male rats using MCT demonstrated greater cardiac oxidative damage (Pichardo et al. 1999 ).
Since the cardioprotective effect of estrogen has been described in many experimental studies (Umar et al. 2011 , Lahm et al. 2012 , it would be plausible to suppose that estrogen withdrawal could produce a more severe state of pulmonary hypertension. However, the OM group was not additionally impaired. Thus, we investigated whether this cardioprotection could be mediated by the induction of other non-classical antioxidant defences regulated by Nrf2. In our study, there was a reduction in the antioxidant enzyme protein expression in the RV of ovariectomized animals, which was associated with decreased Nrf2 expression. Nrf2 is a transcription factor that, when activated by low ROS levels, is released from the Keap1 protein and is translocated to the nucleus, binding to the antioxidant response element (ARE). This transcription factor is involved in the transcription of many antioxidant enzymes, such as Cu/Zn-SOD, CAT, and Prx (Yu et al. 2012) . Thus, in the same way as described by Yu et al. (2012) , estrogen may be associated with increased Nrf2 expression. Our data have shown that the expression of Prx was decreased in ovariectomized animals. This protein works with small concentrations of hydrogen peroxide and has an important role in the inhibition of protein oxidation involved in pathological cardiac remodelling and apoptosis (Xu et al. 2012) . The paucity of information in the literature means it is unknown whether estrogen is associated with Prx expression in this model.
D r a f t
Nevertheless, it is known that Nrf-2 is primarily responsible for Prx transcription (Karihtala et al. 2011) . Thus, the action of estrogen on Nrf2 translocation and on the expression of several antioxidant enzymes suggests that Nrf2 may increase the levels of Prx in order to stabilize the redox environment. A similar response was seen in SOD-1 protein expression, which was affected by ovariectomy, and in the subsequent reduction in Nrf2, which plays a cytoprotective and cardioprotective role (Shen et al. 2006) .
Estrogen treatment increases the expression of MnSOD in cultured primary cardiomyocytes (Yu et al. 2012) . In terms of Grx, CAT (data not shown), and GPx (data not shown) protein expression, no significant changes were seen.
Another antioxidant defence analysed here was hemoxygenase-1 (HO-1) expression, which was decreased by MCT. HO-1 plays an important role in the metabolism of heme, yielding biliverdin, iron, and carbon monoxide. Biliverdin can be reduced to the antioxidant bilirubin by the biliverdin reductase enzyme, decreasing hydroxyl radical formation from the iron of heme (Gozzelino et al. 2010) . The study of Yet et al. (1999) suggests that, in the absence of HO-1 (HO-1-null mice), cardiomyocytes have a maladaptive response to hypoxia and subsequent PAH. This data was corroborated by another study that observed the down-regulation of HO-1 associated with PAH and RV failure (Belhaj et al. 2013) . Indeed, our results also show a decrease in HO-1 expression in the ovary-intact female rats with PAH (SM group).
However, surprisingly, in the ovariectomized rats, HO-1 expression was not decreased.
Although the reason for these contradictory results remains unclear, it seems that this adaptation is important to avoid an additional increase in PAH in the OM group. In principle, HO-1 expression can be modulated by the transcription factor Nrf2 (Gozzelino et al. 2010) ; however, knockout mice for Nrf2 had no decrease in HO-1 expression (Yet et al. 1999) . In the present study, the increased HO-1 protein expression D r a f t in the OM group (as compared to SM) may have been stimulated by a Nrf2-independent signalling pathway, since Nrf2 expression did not vary between these two groups. Other transcription factors known to be involved in the regulation of HO-1 expression, such as nuclear factor-κB (NF-κB) and activator protein-1 (AP-1) (Alam and Cook 2007) , could be responsible for the results observed.
When analysing the expression of thioredoxin, the same profile as HO-1 was observed. Trx-1 contributes to the maintenance of redox balance via its ability to reduce oxidized thiol groups (Xu et al. 2012) . In addition, Trx is involved in keeping Prx in its reduced state, which is essential in the metabolization of hydrogen peroxide into water (Karihtala et al. 2011) . It has been reported that estrogen can be protective against heart failure and apoptosis induced by angiotensin II by increasing Trx-1 levels (Ebrahimian et al. 2007 ). In the present study, the association between MCT and ovariectomy maintained not only the Trx-1 levels, but also HO-1, as well as the compensatory response of the classical antioxidants. This cardioprotective effect must be investigated.
We explored whether this cardioprotection could be mediated by the estrogen receptors ER-α and ER-β. In the present study, there was an increase in ER-β expression in the OM group. The activation of ER-β, but not ER-α, produced a decrease in blood pressure in spontaneously hypertensive rats (Jazbutyte et al. 2008) . Moreover, the use of raloxifene, which activates ER-β more effectively than ER-α, attenuated MCT-induced pulmonary hypertension (Nishida et al. 2009 ). Similarly, a phytoestrogen, genistein, has shown efficacy in mitigating PAH, apparently through ER-β (Matori et al. 2012) . These reports point to a cardioprotection associated with ER-β, corroborating the findings of the present study, in which an exacerbation of PAH was not found.
MCT also induced ER-α and this effect was associated with diminished expression of HO-1 and Trx-1, which would be deleterious for the RV. 
